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This study focuses on topographic characterization of ice-
associated north polar region impact craters and several enigmatic
polar craterforms using new information from the Mars Orbiter
Laser Altimeter (MOLA), an instrument aboard the Mars Global
Surveyor (MGS) orbiter. We find that, for ice-associated craters, the
topography reveals several surprising results not previously appar-
ent from orbital images alone. First, geometric properties for several
impact craters associated with ice and frost deposits suggest that
cavity infill is as high as 80% of reconstructed, preerosion levels.
Second, craters associated with ice also demonstrate unique cav-
ity geometries relative to their nonpolar counterparts. Finally, in
some cases, ice-associated impact features are anomalously deep,
on the basis of depths modeled from the best available scaling laws.
We suggest that burial of these impact features by either episodic
advance of the polar cap margin or by continuous deposition at
the highest rates previously estimated for the north polar region of
Mars has occurred. Subsequent stripping has exhumed the features,
leaving behind cavity infill deposits, and a few of these display topo-
graphic levels above the surrounding preimpact surface. In at least
one case, cavity interior deposits show layering with a typical thick-
ness of ~10 m, suggesting episodic deposition and ablation of ma-
terials as in the polar layered terrain. In addition to ice-associated
craters, we investigated the topography of several enigmatic polar
craterforms. In particular, a few craterforms within ~150 km of the
permanent north polar cap appear to resemble simple, effusive lava
shield volcanoes found on Earth. Their geometric properties cannot
be reconciled with previous suggestions that they were manifesta-
tions of martian hydromagmatic processes (i.e., maar volcanism).
MOLAs initial measurements of impact craters and other crater-
forms in the north polar latitudes of Mars support the concept of a

geologically recent surface, with evidence of effusive volcanism and
enhanced sedimentation. In addition, the measured impact crater
depths for ice-associated craters suggest at least a few cases of en-
hanced excavation and thus a possibly weaker target relative to the
typical northern hemisphere plains.  © 2000 Academic Press

Key Words: Mars; impact craters;, polar processes; ejecta;
volcanism.

INTRODUCTION

The north polar region of Mars (8#90°N) offers an opportu-
nity to evaluate the relative importance of several geologic pro
cesses in the evolution of the martian surface, including hypelr
velocity impact cratering, volcanism, and erosion. In particular,
the sedimentation history in this region can be assessed on tl
basis of the geometric properties of impact craters, as has be
accomplished for the south polar region by Plketwdl.(1988). In
addition to the readily apparent impact craters, there are nume
ous craterforms in the north polar region of enigmatic origin.
Hodges and Moore (1994) attributed some of these craterform
to hydromagmatic processes, perhaps similar to the explosiv
interactions of groundwater with magma that on Earth leads t
the formation of maar craters. Other, less well-defined crater
forms are also observed in Viking Orbiter images around the
perimeter of the permanent north polar cap. Their origin anc
evolution remains unclear.

Many of the best-preserved impact craters in the north pola
region are associated with high-albedo deposits of ice and fro:
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(Garvinetal.1998). In several cases, these ice-associated crateire that most are either volcanic- or impact-related (Hodge:
appear to be infilled with frost or ice deposits to levels in exand Moore 1994, Wilson and Head 1994). Barlow and Bradley
cess of what existing polar sedimentation models would suggés®90) have given a summary of martian impact crater proper
(Howardet al. 1982, Thomagt al. 1992). In this preliminary ties as measured from Viking image photomosaics. Because ¢
assessment of north polar region craterforms, our intentiontlige relatively poor quality of Viking era imaging of the north
to constrain the formation and modification histories of sugbolar region, their extensive morphologic catalog does not in-
features in order to investigate the efficiency of sedimentaticlude many of the ice-associated craters traversed by MOL/
over the most recent epoch of martian geologic history. Our agi-latitudes north of 68N. Previous studies of ice in the mar-
proach is to employ newly available topographic measuremetitin regolith (Squyrest al. 1992, Jankowski and Squyres 1993)
from the Mars Orbiter Laser Altimeter (MOLA), an instrumentlo not treat the population of north polar region impact craters
currently in orbit around Mars as part of the payload on the Maassociated with ice or frost above°®6 We have considered
Global Surveyor (MGS) spacecratft, to characterize the geomigt-detail the morphologic characteristics of such features fror
ric properties (e.g., Pike 1980b) of all craters for which adequat#OLA topographic cross sections. MOLA observations consist
sampling was achieved. This permits assessment of formatafncenter-of-mass referenced surface elevations for footprint
mechanisms as well as modification (i.e., infilling, slope eve-150 m in diameter with submeter vertical precision spacec
lution) processes. Zubet al. (1998) has described the MOLA every 330 to 390 m along the nadir—ground track of the MGS
observations pertaining to the north polar cap of Mars and Smgpacecraft. Because of the high vertical precision of these dat:
etal.(1998) have summarized in general the first northern hensubtle topographic and hence local slope variations associate
sphere measurements by MOLA. Here we study the impact anith crater landforms can be measured and interpreted. For e
possible volcanic crater population at high northern latitudesnple, Garvin and Frawley (1998) were able to quantify the
sampled thus far by MOLA, using the data acquired as part i@lief of ejecta ramparts with less than 10 m in vertical relief
the Science Phasing Orbit (SPO) operations of MGS during the the basis of MOLA data for impact features in the middle
Spring and Summer of 1998. Garvin and Frawley (1998) halatitudes of the northern hemisphere of Mars.
provided an initial framework for comparison of nonpolar im- We have developed a semiautomated measurement system
pact craters and their geometric properties to those sampledjirantifying a broad suite of geometric craterform parameters
the North Polar Region. in order to characterize properties relevant to crater formatior
We first summarize the MOLA measurements used as tanrd modification (Roddy 1977, Pike 1980a,b). Figure 2 shows
basis of this work: the polar region topographic measuremestame of the parameters that are routinely measured for eac
acquired for “ice-associated” craterforms prior to the main maprater. Table | summarizes the parameters depicted in Fig. 2,
ping mission. Next, we discuss the geometric measurementsll as several additional measured parameters. Before detaile
(depth/diameter, cavity volume, ejecta thickness, etc.) of cameasurements of crater properties can be accomplished, ea
ity and ejecta characteristics for ice-associated craters. This is
followed with images and topography for examples of the best-

sampled ice-associated craters and a few enigmatic craterforms TABLE |
of pOtentia”y volcanic Origin. The discussion section includes Description of Geometric Parameters Measured from MOLA
the implications of our results in light of current models for cra- Cross Sections of Craterforms (Fig. 1)
tering (e.g., Stroret al.1992, Melosh 1989, Barlow and Bradley.
1990, Craddockt al.1997) and sedimentation in the north polaParameter Significance
region of Mars. D Rim crest diameter
d Depth from rim crest to floor
H Average height of rim crest above preimpact surface
MOLA OBSERVATIONS d/D Aspecgt ratiogof crater cavity P P
. . hy Ejecta rampart height
MOLA acquired 188 tracks of topographic data across thg, Central peak height
high northern latitudes of Mars between April and late July of/a, Cavity volume from numerical integration of rim crest
1998 (Zuberet al. 1998). In addition to sampling the heights as defined in MOLA cross section

Ejecta volume from rim crest to topographically defined

of the permanent north polar cap, MOLA acquired cross seds . : c i
edge of continuous ejecta blanket (numerical integration)

tions for many of the major impact craters known to exist in this,

. . . e/ Vecav Ejecta to cavity volume ratio
region, including more than a dozen craters betwe@nand Exponent of power law fit to cavity topography from
80 km in diameter. Figure 1 shows the locations of the craters z=kx", wherex is horizontal distance.
and craterforms whose cavities were well-sampled by MOLA Cavity is conical fom = 1, paraboloid fon =2, etc.

Exponenb from power law fit to ejecta topography,

(topography across the center 20% of the cavity) during this™™ e to—k(x/R)?

period. Craters described in detail are designated by alphabetic

letters, A-K, in Fig. 1. Here we treat circular, closed depres-note.other parameters indicated on Fig. 1 (ejecta and cavity wall slope) are
sions of unknown origin as “craterforms,” although we recogpot listed above.
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FIG.1. Polar stereographic map of the northern polar region of Mars indicating crater locatisrsé impact craters, filled circles are craterforms of possible
volcanic origin). The latitude limit of the map is 88. Craters north of 7N are the primary focus. Craters discussed in the text are designated by alphabe
characters (A—K). Crater A is illustrated in Fig. 3, Crater B in Fig. 4, etc.

MOLA profile must be compared with the highest available reave been carefully registered to the MDIM images as part of ou
olution Viking Mars Digital Image Mosaic (MDIM) image dataassessment process. This is critical when parameters related
in orderto assess the actual position of the topographic cross sedumes are estimated since off-center topographic profiles ca
tion relative to the central axis of symmetry of the crater. Thigrovide extremely misleading values for all properties computec
is necessary because of coordinate system disparities betwdamumerical integration (Garvin and Frawley 1998). Of the
the MGS MOLA data (areocentric coordinates) and the Viking 100 craterforms sampled by MOLA (Fig. 1), over 30% were
MDIM (geographic coordinate frame). Smighal. (1998) have traversed within 20% of their central axes of symmetry. Craterec
discussed this issue, which often requires horizontal shifts @fnes sampled by MOLA were considered in this study only if
the MDIM so that the MOLA profile is registered properly tathe topographic cross section bisected the axis of symmetry.
specific geographic features that it traverses. We believe that af-

ter shifting the MDIM image data relative to our MOLA cross GEOMETRIC PROPERTIES

sections, the final horizontal location accuracy is at the level of

1-3 MDIM pixels (i.e., within 200-600 m or1-2 MOLA foot- MOLA traversed the cavities of 109 impact features north of
prints). All MOLA topographic profiles presented in this papesbout 57N. More than 30% of these traverses provided neal
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FIG. 2. Example of a polar impact crater cross-section acquired by MOLA indicating some of the measured parameters considered (see Table I). Th
shown is that illustrated in Fig. 6.

centerline cross sections which permit first-order assessmenanél cavity volume properties. In particular, for the subset of
depth—diameter relationships, as well as correlation of cavityrth polar region craters associated with ice or frost we have
volumes and shapes with crater diameter. While MOLA wilineasured the above morphologic characteristics from MOLA
eventually sample thousands of fresh martian craters in all mapographic profiles and compared them to the entire popula
jor surficial geologic units, the recent SPO data provide an itien of north polar region (nonpolar) impact craters.
teresting preliminary examination of the polar region craters For example, we have measured the cross-sectional shape
in contrast with craters from other latitudes and terrain typethe crater cavities using a function of the form= kx", where
We have adopted SR as the edge of the polar terrains on the is the surface elevation relative to the floofis horizontal dis-
basis of the existence of winter frost on the surface (Thomtsice from the crater center, akndndn are least-squares regres-
et al. 1992) north of this latitude. This allows us to includesion fit parameters. Previously, we observed thattharameter
most of the north polar region geologic units in one group. We a reasonable indicator of cavity shape for nonpolar crater:
endeavored to consider topographically “fresh” impact crate(§arvin and Frawley 1998), with values between 2 and 3 for
but recognize that assessment of degradation state from MO&st complex northern hemisphere craters, and we would ex
profiles and analysis of MDIM images is imperfect. Barlovpect it to also be a reasonable cavity shape indicator for pola
and Bradley (1990) and Strost al. (1992) describe the freshcraters as well.
crater population on Mars at most latitudes betwe¢&6°N and We estimate an ejecta thickness function using an approac
—60°S on the basis of extensive morphologic analyses. In tHisst developed by McGetchiet al. (1973) and recently applied
study, we use the sharpness of rim topography and other cavi@ymartian impact craters by Garvin and Frawley (1998). This
characteristics, including floor geometry, to identify minimallyunction describes the decay of ejecta topography from the rin
degraded craters in the region north ofB7 When develop- crest to the edge of the continuous ejecta blanket using a simpl
ing scaling laws that relate depth, volume, and cavity shapeftmction of the fornte = k(r / R)?, wherete is the ejecta thickness
crater diameter), we considered only the subpopulation o&s a function of radial distancefrom the rim crestR is the rim
minimally degraded craters. To further remove outliers, we rerest radius, ankl andb are least-squares regression constants
stricted all of our least-squares regression analyses to those siialosh (1989) and McGetchiet al. (1973) suggested on the
ples less than one standard deviation in depth from the samipéesis of explosion experiment data that the expobestiould
mean. typically fall in the —2.5 to —3.5 range, depending on several
For specific geometric properties, one interesting assessnfactors, including kinetic energy of impact. Recently, Garvin and
of the geometric properties measured from MOLA profileBrawley (1998) showed that while there is a general tendency fo
(Fig. 2; Table 1), is to compare the entire population of Northverallb values of martian craters to fall in this range, the most
Polar Region impact craters with those for nonpolar latitudespmmonb values for Northern Hemisphere (nonpolar) craters
as was accomplished for the Moon (Pike 1980b) and for ewas—0.5+ 0.3. This is substantially different than the Melosh
amples on Earth (Roddy 1977). We have taken this approdd®89) and McGetchimet al. values (1973). It is interesting to
to assess crater cavity shapes, ejecta thickness functions (ETBjnpare the ice-associated martian craters to the overall marti
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crater values, since one possible explanation of the difference@vation, there is considerable slumping and modification stag
that the analyses of martian ejecta thickness do not take into ctailback into complex crater cavities on Mars before erosiona
sideration the structural uplift of the rim crest, which is difficulmodification. For complex craters larger than 11 km in diame-

to model at this time for martian impact craters. ter, the depth of excavation is predicted to be at least 1.0 kmr
while for Korolewscale features (80 km diameter), it could be as
DEPTH VERSUS DIAMETER CORRELATIONS large as 5 km. For most of the polar impact craters sampled b

MOLA, the difference between the model depth of excavation
The distinction between ice-associated polar region impatd the apparent depth of the cavity is hundreds of meters t
craters and those from the remainder of the northern hemisphiitemeters, but there are a few cases where the apparent der
is most striking when crater depth from the rim cred} (s (da) €xceeds that predicted as the depth of excavation. We wil
related to rim crest diameteb). The polar region craters follow return to this issue when we consider specific examples.
a power law of the formd =0.03D*%, whered and D are
measured in kilometers. This relation has been computed on the CAVITY VOLUME AND SHAPE
basis of our sample of complex impact craters larger than 6 km,
which is the best fit£0.5 km) for the simple-to-complex crater If one considers how cavity volum¥ § relates to crater diam-
transition diameter in the North Polar Region as determineter D), polar versus nonpolar crater differences again emerge
from MOLA-derived geometric properties (Garvin and FrawleyVe find that for polar region impact crateis,=0.01 D33,
1998) and which is in general agreement with that suggestetiereV (km®) is measured by numerical integration of near-
by Pike (1988). In contrast, the nonpolar unit complex cratecenterline MOLA cross sectionB. is in kilometers. For nonpo-
are best fit by a power law of the forth=0.19 D%%5, where lar region craters, the relationship\is= 0.04 D258, suggesting
d and D are again measured in kilometers. This relationshtpat polar crater cavities are volumetrically larger than those ir
includes impact craters in the nonpolar regions of Mars observetther regions. Indeed, for crater diameters larger thas km,
during the early MGS mapping mission (Gareiral. 1999). The cavity volume is always greater for polar impact features thar
difference between a power-law with an exponent of 1.04 (poldor craters at lower latitudes. The larger volume for polar craters
and 0.55 (nonpolar) is statistically significant and has substantiahy be a consequence of target properties that enable enhanc
consequences; for diameters larger than 43.2 km, polar compécavation at high kinetic energies. When examiningvhesr-
craters will be deeper than nonpolar counterparts of a similusD relationship for polar craters in comparison with that for
diameter. Ice-associated craters north ofiV@ppear to follow nonpolar ones, we consistently observe a break in slope at a
an even steeper power law, as they display apparent cavity flpooximately 6 km, suggesting that the simple-to-complex transi:
depths in excess of the general polar region trend. tion may be close to 6 km, as previously suggested (Pike 1988
Indeed, as we shall discuss in an upcoming section, we havé-or cross-sectional cavity shape, the exponeintttat de-

observed that a majority of martian craters associated with iseribes the order of the best-fitting polynomial can be correlate
or frost are deeper than simple models ofdheersusD overall  with crater diameter. We then may consider the relationship be
or northern hemisphere relationships would suggest. We usetapeen cavity shape, crater diameter, and crater location. Fc
additional comparison of observed depth with estimated degtblar craters, cavity shape exhibits a power law of the formr
of excavation to consided versusD variations from region n=2.22D~%%, while for nonpolar craters, the relationship is
to region. Previously, Barlow and Bradley (1990) used an ap=2.28 D%, whereD is in kilometers. Together, these power
proach suggested by Croft (1985) to estimate the depths of &aws suggest that there is a strong tendency for craters to b
cavation () of martian impact craters with an equation of theome more paraboloidal with increasing diameter, independer
formde=k D§~85, wherek is a constant related to the simple-toof location.
complex transition diameter ard}, is the final, apparent cavity It is also interesting to compare the measured cavity vol-
diameter at the rim crest. Using the MOLA-based value of 6 kame with estimated volume of excavation from models. Where
for the transition diameter, we derive a simple equation of tiOLA cross-sections have sampled the central region of a crate
form cavity (i.e., within 20% of the crater’'s central axis of symme-

try), we employ numerical integration methods to estimate the

de = 0.131Dg-85, cavity volume ¥) (Garvin and Frawley 1998) as it compares
to the modeled volume of excavation (Melosh 1989, Grieve anc

from which we can estimate the maximum depths of excavatidA@rvin 1984, Croft 1985). Excavation volumes can be estimate
This relationship indicates the theoretical depth of excavation{#§ing an equation of the form

the north polar region of Mars is usually much greater than the

observed apparent crater depths as measured by MOLA. For a Ve = (7/48) D7,

20-km-diameter crater, the differenak ¢ d,) is ~1 km, while

for a 40-km feature, it is over 1.6 km. It rises to nearly 2.5 krwhere Dy is the diameter of the excavation cavity, which can
at a diameter of 80 km. Thus, relative to a modeled depth of exe taken as being equivalent to the diameter of the transiel
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cavity. If we adopt Croft's (1985) approximation such thgt= aspects of target type, but as yet we have insufficient statistic
(D21%)(D2%%), where Dy, is the simple-to-complex transitionto unravel the subtleties.

(i.e., approximately 6 km on Mars on the basis of this study), then

we can estimate the expected volume of excavation for martian

craters Ye) using EJECTA VOLUME VERSUS CAVITY VOLUME

_ 255 One final geometric indication that north polar region impact
Ve = 0.147D5°, . .

craters on Mars behave differently from their nonpolar counter-

. . . L arts is apparent in the ratio of ejecta volume to cavity volume

whereD; is the apparent rim-crest diameter in kilometers. Th .,/ V), where\V; is the apparent ejecta volume of the con-

gwsosiivggunn:sa?;e;%%\gw?gg EasrrifZ W'rtg I:izpe ?gfggﬁgﬂ tinuous ejecta blanket (CEB) as defined by means of MOLA
P - pprop pography and Viking images, andlis the cavity volume as

. . . t
];rggg 'énr?gf; ;;%tgzrizntggzg t?:(?ror;}kr?égfnn:g\% :1?23; r(lcrtli)or ifined above. For near-centerline MOLA cross-sections, we
' )- P can estimat&/g; and normalize it to the apparent volume of the

polar region impact craters, the predicted from the above crater cavity to compute th¥;/V ratio. Garvin and Frawley

(ranquatlorn Jsbtyf/:gallz t\\;vvo \t/\cl)i”t?rferr:"?etsh thei i%?arﬁnt V?Itt:]i 998) treated this parameter for several dozen impact feature
easured by - e €turn to the significance o in the martian mid-latitudes, and here we extend earlier work tc

fundamental disparity after examining several specific marti"f‘rﬁ‘clude over 100 craters in the Northern Hemisphere. We finc

impact features. the mearn\Vj/V ratio for polar region craters to be 2.3, while
that for nonpolar craters is 1.14. In both cases the dispersio
RIM HEIGHTS about the mean value is large. However, once again we obsen
that minimally degraded impact features in the high northerr

The rim hgights for fre;h and minimal]y degraded impa(fétitudes are fundamentally distinctive from their mid-latitude
craters, relative to the preimpact surrounding surface, has tr Unterparts. The most probable explanation for this disparity

tionally been difficult to measure with high reliability for Marsig e variability of cavity fill in the polar region. While there is

(Pike 1980b). MOLA topographic profiles permitimproved assyijence of ejecta modification and possibly burial in the polar
sessment of relative rim relief. _The mean rim he'Q“@ (or region, there remains a readily observed topographic expres
polar region craters (0.253 km) is not statistically d_n‘fe_rent frorgion of most continuous ejecta blankets on the basis of MOLA
t.ha't for nonpqlar craters (0'219, km). However, this smple St8ata. However, it is more difficult to assess the level of cavity
tistical analysis does not take into account levels of rim flankg tom single topographic cross sections or Viking images
burial, which is likely to be large in higher latitude settings oR,e 1 combination, however, we believe we have evidenc
the basis of hlgh-resplunon Viking images. Th_e mean depth @?significant levels of cavity infill in the highest northern lati-

measured from the rim crest to the lowest point on the floor) §3 a5 of Mars, as quantified by MOLA topographic data. We will

0.57 km for polar region craters and 9'63 km for npnpolar regiqréat this evidence using specific examples in the sections th:
examples. We note that the depth—diameter scaling laws de

strate a major difference in polar region crater depths relative to
nonpolar varieties. However, such differences in polar versus
nonpolar rim height are within/1L0th of a standard deviation of ICE-ASSOCIATED CRATERS
the mean and are not considered meaningful.
During the MGS Science Phase Orbit period MOLA sampled
EJECTA THICKNESS FUNCTION 14 impact features and one probable volcanic feature for whicl
there is an association with high-albedo frost or ice deposit:
When we consider the topographic character of the continuaygparent from Viking Orbiter images (MDIM'’s at 234 m/pixel
ejecta blankets using the ETF functitii= k(r /R)®, described or higher resolution Viking images in the 40 to 100 m/pixel
previously, there are appreciable differences between polar aadolution range). Table Il summarizes some of the salient ge
nonpolar impact features for the mean ETF exponbptKor ometric properties of those ice-associated craters along witl
polar region craters, the meén=—3.73, with a modal value one volcanic feature where the MOLA coverage permits reli-
of —0.50; for nonpolar crateds=—2.30, with a modal value able computation of volumes. Table Ill summarizes modelec
of —0.10. In both cases, the dynamic rangd eflues extends parameters for the ice-associated features discussed in the e
from —0.1 to —8.0. None of these mean or modal values liemmples below. For most of the impact craters sampled by MOLA
within the previously described acceptable rang2.6to—3.5) north of 72N, the topographic characteristics of the crater cav-
as suggested by Melosh (1989). However, the variability in tlity are unlike those typical of other craters on Mars (Garvin and
characteristics of the ETF for Mars are large, and the stand&wley 1998). Here we treat several end-member cases in ord
deviation on the mean values cited above is in excess of 3.0. Weddress issues associated with north polar region modificatio
suggest that ejecta topology is related to latitude and henceptocesses and rates.
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TABLE 1l
Geometric Parameters for Ice-Associated Impact Craters Observed by MOLA on Mars

Diam depth Hrim Cavity Veav Cavity Omod Infill Vinod Vinill
Feature Location (km) (km) (km) d/D slope (kn?) shape (km) (km) (kr) (kmd)
A 81°N, 19CE 19 0.92 0.28 0.048 15 124 4.7 0.64 — 183 59
B 77N, 89E 34 0.66 0.71 0.020 14.5 311 2.2 1.17 -0.51 559 248
C 79N, 33TE 20 0.85 0.28 0.043 7.9 122 2.8 0.68 — 156 34
D 77N, 215°E 44 2.1 0.98 0.049 15.8 1075 4.1 1.54 — 1538 463
E 73N, 163E 84 2.2 0.91 0.027 11.2 5800 1.8 286 —0.62 7846 1356
F 81°N, 255°E 18 0.59 0.11 0.033 5.0 103 1.6 0.61 -0.02 68 35
G 7FN, 195E 20 0.92 0.35 0.046 12.6 126 1.9 0.66 — 128 2.5
H TN, 62E 18 0.81 0.32 0.046 11.3 97 1.9 0.60 — 100 3.4
| 72°N, 345°E 20 1.47 0.45 0.074 15.6 215 1.8 0.68 — 219 4
J 73N, 38E 9 1.02 0.32 0.113 20 31 1.8 0.29 — 31 —
75°N, 34TE 16 0.38 0.13 0.024 10.0 40 2.3 054 -0.16 58 18
76°N, 159E 14 0.51 0.19 0.036 10.1 42 2.2 0.47 — 41 —
7N, 46°E 11 0.30 0.22 0.026 8.9 18 3.0 0.36 —0.06 21 —
74N, 319E 13 0.54 0.25 0.041 12 32 1.6 0.43 — 32 —
85°N, 2°E 11 1.08 0.10 0.10 16 39 1.2 0.36 — 31 —

Note. Ghoq is cavity depth modeled using the general North Polar Region depth-diameter power law. dipfil is da, whered, is observed (by MOLA) cavity
depth. Nonphysical values are indicated by “—" and are due to enhanced apparent cavity depths relative to the entire population of polar refgatuiepact
Negative values indicate the depth of infill in kiinoq is @ model cavity volume computed using the apparent cavity shape (measured by MOLA) and an equa
given in the text that relates shape, diamd®erand depttd, to volume. This is not equivalent to an excavation volume. See text for definition of cavity shap
Vingill 1S theVimod — Veav, WhereVe,y is the observed cavity volume as measured by MOLA. This is a proxy for a cavity interior infill volume. Nonphysical valu
are indicated by “—" and suggest that the cavity is not infilled beyond the level that would be predicted by the typical cavity shape, diameter, ahe dept
crater located at 8, 2°E (last row in table) is a suspected impact crater for which inadequate Viking era images are available to assess its morphology. W
included it because it could represent a fresh impact feature in the margin of the ice cap.

aValues are derived from a DEM rather than the centerline pass in Fig. 8. See text for discussion.

FEATURE “A”: ICE-ASSOCIATED COMPLEX CRATER This feature clearly cuts the transverse dune deposits and h
IN POLAR DUNES (82°N, 190°E) an apparent depth of 0.92 km. Its aspect radio) is 0.048, a

value larger than is typical of craters in this size range (0.034

Figure 3 illustrates a 19-km-diameter impact crater locatedsewhere on Mars. The depth more statistically typical of &

within the Olympia Planitia dune fields (designated A in Fig. 1xrater of this size is 0.64 km, indicating that this crater is 280 nr

TABLE 111
Modeled Parameters for Ice-Associated Craters Discussed in the Text
Apparent Model Infill Vol. infill Ejecta MOLA
Crater Diameter deptlaly depth,dn thickness thickness thickness floor
Feature location (km) (km) (km) (km) (m) (m) elevation (m)

A 82°N, 19CE 19 0.92 1.06 0.140 295 43 —5000
B TN, 89E 34 0.66 1.41 0.750 708 52 —4450
C 79N, 331E 20 0.85 1.09 0.235 189 54 —5750
D 77N, 215°E 44 2.1 1.60 — 514 124 —6000
E 73N, 163E 84 2.2 2.19 — 557 123 —6250
F 8I°N, 255°E 18 0.59 0.81 0.220 — 48 —4700
G 7PN, 195°E 20 0.92 1.09 0.165 18 70 —5450
H 7PN, 62°E 18 0.81 1.03 0.220 31 72 —4950
| 72°N, 345E 20 1.47 1.09 — 32 47 —6100
J 73N, 38E 9 1.03 0.734 — — 33 —6000

Note.Model depttdy, is that computed frord = 0.25 D49 fit for complexN. Hemisphere craters (Garvin and Frawley 1998). This is not the sadyg@som
Table I1. Infill thickness igdy — da, Whered, is apparent depth from rim crest. Vol. infill thickness is model cavity volume minus apparent cavity volume, divid
by the apparent surface area of the crater floor (see Table Il and text). Ejecta thickness is average thickness of entire continuous ejectarhfautket fasrmo
the apparent volume of ejecta divided by the surface area of the ejecta (from MOLA). MOLA floor elevation is the absolute minimum floor elevationeak me:
by MOLA in meters relative to the MOLA defined equatorial radius of Mars (Setithl. 1998). “—" is indicated when the computation results in a nonphysical
value (i.e., when the apparent depth is greater than the model depth).



336 GARVIN ET AL.

West Longitude topography associated with this crater. This is also suggested t
178 176 174 172 170 168 166 164 162 ho \DIM image (Fig. 3). Furthermore, on the basis of dune
properties measured by MOLA (Zubetal.1998), the average
height of dunes in this region is 25 m, which is enough to blanke
20-m-tall ramparts.

The unigue topology of the cavity infill deposits at this crater,
relative to what can be observed in a high-resolution Viking
image (Fig. 3), first drew our attention to it. The cross-sectional
shape of the cavity interior deposits is not typical of nonpolar
region impact craters. The “shape” of the cavity infill deposit is
similar to volcanic lava domes on Earth (Garvin 1996) and is
atypical of the sample of central peaks observed by MOLA to
date. The elevation of the peak of the cavity interior deposits i
similar to that of the surrounding preimpact surface. This has
not been observed elsewhere on Mars for any of the centre
peak or central peak-pit craters sampled by MOLA (Garvin and
Frawley 1998). The ratio of the volume of the central deposit
(Vo) to that of the apparent cavity/( plus all interior deposits
(i.e.,Ved/[V + Vcd)) is 0.35, indicating that more than 35% of
the apparent cavity is filled with materials.

We can model the preerosional cavity for craters such as thi
by estimating their diameter-dependent depths and cavity shaps
using the empirical scaling laws discussed previously. Once wi
have modeled the depth and cavity cross-sectional shape, we ¢
use a simple equation of the form

Latitude

182 184 186 188 190 . 192 194 196 198 Vo = [n.n Dzd]/[S + 4n]’
East Longitude

8500 ' . whereD is diameter in kilometerg] is model depth in kilo-
-4000 ?V'E' =20 meters,n is model cavity cross-section, and, is the recon-
4500 L structed or modeled cavity volume in RniJsing this approach,
we estimate a preerosional cavity voluvig of 183 kn#. The
difference between the apparent cavity volume measured b
MOLA (V) and the modeled volumé&/g,) is the estimated total
volume of cavity infill (Vin;). For this crater, we find thafi
is ~59 km?, which is 48% by volume of the original cavity.
We have followed this approach for all of the craters listed in
FIG.3. Example ofa 19-km-diameter crater located a2 90°E within -~ Table II. If we compute the volume of excavation for this crater
theOlympia Planitiadune fields. (Top) The best available Viking Orbiter imagewithin the Olympia Planitia region, we find the is 267 ks or

with MOLA profiles superimposed. (Bottom), The MOLA cross section, with . .
the observed limits of ejecta indicated (dashed lines). The white region indicateg times larger than the apparent volume (12£)<r1‘ihe differ-

where MOLA encountered clouds and was unable to make surface observati§iace betweeN, and the apparent cavity volunveis 143 kn?,
All upcoming crater figures use this general format (i.e., Viking image witavhich is 2.4 times larger. We attribute this discrepancy in part tc
MOLA profile below). Note that this is crater A in Fig. 1. the approximations intrinsic to a volume of excavation computa-
tion, as well as to modification stage slumping which will serve
deeper than would be predicted using the depth—diameter scatimgeduce the final cavity volume by up to 50% (Melosh 1989).
law described above. The crater cavity displays alue of 4.7, The estimated volume of cavity infill (59 kinand a corrected
which suggests that the preerosion interior was very “U” shapetbdification-stage cavity volume are in agreement at 10—-20%
for a crater of this size. The ejecta thickness function expondevels. Thus, we believe that this 19-km crater (Fig. 3; see als
(b) varies enormously from a very typical value-60.9 in the Table II) provides evidence of significant cavity infilling due to
northern ejecta te-11.8 on the southern rim flank. However, apostcrater formation processes.
can be observed in Fig. 3, the boundaries of the continuous eject@he area of the apparent cavity floor4450 kn?. We can
deposit are very poorly constrained by either MOLA or Vikingestimate the thickness of the cavity infill deposit by assuming
image data. The subtleties of the MOLA topographic profildhat the infill volume estimation is reasonable and computing
indicate that dune deposits may have overridden ejecta-relatiee ratioVin;/SA, where SA is the true surface area of the cavity

-5000
-5500
-6000
-6500

Topography [m]

Latitude
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floor. A uniform layer~300 m thick is the result. We observe able late-stage inner cavity floor melting, then an artificially el-
however, a plug-like (i.e., with “snow-cone” appearance) centraated cavity floor could develop, only to decay at its margins ir
cavity deposit geometry here and in other ice-associated cratiesinitial stages of subsurface withdrawal, cooling, and surfac
on Mars. Most cavity infill deposits are not manifested as urgblation. If this process were at work on the crater in Fig. 3, it
form thickness layers in the floors of these high-latitude impaauld suggest that a considerable volume of ice were availabl
features. Finally, the MOLA-based estimate of the volume ofear the depth of excavation level (1.6 km) in the martian crust
the central deposit.q) suggests that it is-69 kn?, which is  This is consistent with the hypothesis that the Olympia Planitie
similar to within 15% of the independent estimate of cavity infillunes overlie a buried portion of the polar ice cap (Zudieal.
(59 kn?). 1998). Improved geometric constraints on the topology of the
There is some indication that the Olympia Planitia dunes magvity floor and infilling deposits are needed to further test this
form a carapace of sedimentthat overlies stagnant polar cap “iedfernate hypothesis.
(Zuberet al. 1998). If this is the case, the 19-km crater depicted
in Fig. 3 must have excavated through the 20—-40 m of dune sed- FEATURE “B”: EXTENSIVELY INFILLED
iments to encounter buried ground ice. An excavation flow field CRATER AT 77°N, 89°E
established in a layered target consisting of dune sediments atop
ground ice of unknown thickness has notbeen completely treated\n example of an ice-associated crater with extreme level
previously (Clifford 1993, Melosh 1989). If we take the modedf cavity infill is illustrated in Fig. 4 (crater B in Fig. 1). In this
depth of excavation (1.6 km), together with a simglanodel case a 34-km crater was sampled by two discrete MOLA cros
approach as discussed above, we can consider the volumeseations in July of 1998. This ice-associated crater is located :
materials involved. The anomalous cavity shape, central cavity’N, 8% E and has a total depth of 0.66 km, andl/& of 0.020
deposit shape, and large volume of infilling materials relative {eee Table Il). Its rim height variability (over 300 m relative to the
the total cavity volume (59 kfversus 124 ki#), suggest that preimpact topography of the region) is the highest found so fa
this impact feature developed differently than similar 20-knfer martian craters of this size. Furthermore, the level of cavity
diameter craters in nonpolar target materials. More typicalfill rises above the surrounding preimpact surface, similar tc
20-km-diameter impact features within polar units (i.e., the crathat has been observed by MOLA for certain pedestal crater
terat 72N, 345°E, shown as Feature | in the Fig. 1 location mapn Mars (Garvin and Frawley 1998). A nearly perfect center-line
and discussed later) display negligible cavity infill volumes. pass, acquired on MGS orbit 415, illustrates the geometry of th
The ejecta flank slopes for the crater in Fig.~-30(9) are perched infilling deposits. The overall cavity interior shape, on
similar to those measured for impact craters elsewhere on M#re basis of both MOLA transects, indicatesramalue of 2.2
(Garvin and Frawley 1998). This observation supports the gparaboloidal), which is consistent with nonpolar craters of this
gument that it is not heavily eroded. If this feature is relativelgiameter on Mars (Garvin and Frawley 1998). Possibly dune
unmodified, then one possibility is that the enhanced cavity deantled ejecta ramparts with more than 50 m of relative relie
posit volume is due to melting of ground ice within the cavityare also observed 10 to 20 km from the rim crest.
(Squyreset al. 1992). Alternately, this crater could have been If one reconstructs the preerosion cavity geometry for this fea
totally buried by a recent advance of the north polar cap, esséure (Fig. 5), itis clear that80% of the apparent cavity is filled
tially filling its cavity as a consequence. Subsequent cap retrgath interior deposits whose asymmetric spatial distribution in-
and ice ablation could have left behind large volumes of cadlicates that they are not controlled by underlying central uplift
ity infill, more difficult to erode by wind or solar illumination topography. In comparison, the irregular geometry of the cavity
than those in the surrounding plains. Current estimates (Thoniagrior deposits associated with the impact feature discusse
et al. 1992) for polar sedimentation rates allow for the deposgpreviously (Fig. 3) constitute-50% of the reconstructed cav-
tion of an equivalent thickness 6f300 m of infill in less than ity (Fig. 5b). Typical average ejecta flank slopes for the crate
43 million years. The higher sedimentation rates associated wilthstrated in Fig. 4 are~1.2°, with local peak values as high
layered bands in the north polar region, could allow for deveds 12 near the rim crest. Cavity wall slopes averag#4.5,
opment of a layer 300 m thick irn10 million years. However, similar in magnitude to those measured for the crater illustrate:
if we take the average relief of central deposit (0.54 km) as tireFig. 3. The topographic expression of the crater rim and in-
typical infill thickness, it would require 20 to 80 million years ofner cavity wall and the topographically well-defined continuous
continuous deposition to accumulate. We can conclude only tlegeecta blanket suggest that this feature is not highly modified i
episodic high sedimentation rate or ice-accumulation processeste of what a first glance at the high-resolution Viking Orbiter
have filled this impact feature in such a way that the erosion infiage would lead one to believe (Fig. 4c).
the infilling materials has not restored the original cavity interior The preerosion cavity volume expected for a 34-km impac
geometry. crater with a cross-sectional shapg¢f 2.2 and a reconstructed
An alternate working hypothesis for this and other ice-filletbtal depth of 1.2 km (i.e., from thé— D power law discussed
impact craters sampled by MOLA involves mobilization of greviously) is~560 kn? (Table 1I). The measured apparent
weak, ice-rich layer. If the crater formation process were to emelume of the crater cavity plus that of the topographically
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West Longitude late this thickness using presently accepted sedimentation rat
218 S =u 24 266 for the north polar region (Howaret al. 1982, Thomast al.
1992) could require betweenl7 to 71 million years, assuming
constant, continuous deposition.

Of particular interest are the shorter-wavelength features ol
the upper surface of the cavity interior deposits. In Fig. 4 (c),
these features are displayed at full resolution. A staircase-lik
pattern of possible benches or escarpments, tilted less than
toward the north, can be observed. The average MOLA-base
relief of these benches is #3 m, and each bench is typi-
cally 1-2 km across. These staircase features are reminiscent
certain types of banded layers in the polar layered terrain. Th
high-resolution Viking Orbiter image displayed in Fig. 4c indi-
cates that these escarpments are curvilinear, and that they cot
mark areas of relatively rapid localized erosion, perhaps cause
by rapid defrosting, ablation, or other processes (Thostas
1992). The appearance of these staircase-like features within
moderately degraded impact feature could provide a constrair
on layer thickness properties throughout the North Polar Regior
Perhaps the layers exposed in the crater are similar to the 10- 1
50-m-thick bands that are widespread and well-documented i

East Longitude the northern polar layered deposits (Howardl.1982, Thomas
a4 ———— - et al. 1992). MOLA observations of the cross-sectional proper-
a6r V.E. =201 y ties of polar dunes (Garvin and Frawley 1999) suggests that th
= [ staircase-like features are not representative of any of the dun
forms that are adequately resolved by the sampling characteri
tics of the laser altimeter (i.e., approximately 330 m along track).

Grieve and Cintala (1992) have developed a model for impac
melt generation that Clifford (1993) applied to Mars. For a given
crater of apparent diamet&, the impact melt model permits
consideration of the volume of melt assuming vertical impacts
of a chondritic projectile into the martian surface at 10 km/s. For
a 34-km-diameter impact crater on Mars (i.e., Fig. 4), the Grieve
and Cintala (1992) model would suggest thd7 kn? of melt
could be produced. This impact melt could remain in the cavity
or mobilize ground ice as described by Clifford (1993). If this
melt volume were uniformly distributed over the cavity floor
area of~700 kn?, it would result in a layer thickness 6f95 m,
which is inadequate to explain the 500-m thickness of apparer
infill. A reduction in the volume of cavity infill (248 ki), due
to postimpact sedimentary or ice-related processes96fkn?
would lessen the fraction of cavity infill t6-50%, which is

FIG. 4. Example of an extensively infilled 34-km-diameter crater locate§ONsistent with that computed for the crater in Olympia Planitia
at 77N, 89E (Feature B in Fig. 1). (Bottom) The topology of the crater floor iFig. 3).

higher detail, revealing tilted escarpmet$0 m in height along the centerline
pass (MGS orbit 415).

Latitude

Topography (km)

Topography (km)

Latitude

FEATURE “C”: ICE-ASSOCIATED COMPLEX

CRATER AT 79°N, 331°E
defined central depositis378 kn¥. Allowing for the rim height

asymmetry o~~300 m, this indicates that80% of the original A particularly well-sampled impact feature 20 km in diameter
(preerosion) cavity has been infilled. If we examine MGS orhitas bisected on two occasions by MOLA cross sections (Fig. 6)
340 (Fig. 4b) and its slightly off-center coverage of this cratefhis complex impact structure is located within 50—60 km of the
it appears that the cavity depth is at least 60 m greater thaerennial north polar cap (crater C in Fig. 1). In addition, it is
that measured from the centerline profile. Thus, we estimateatneast 850 m deep, with a 280-m rim, relative to the preim-
average depth of infill to be on the order of 500 m. To accumpact surrounding surfaces. Dune deposits appear to mantle ic
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FIG.5. Cavity reconstructions for ice-associated craters illustrated in Figs. 3 and 4. (Top) The MOLA cross section for the crater shown in Fig. 4, With a1
cavity reconstruction superimposed. (Bottom) The MOLA cross-section for the crater illustrated in Fig. 3, with a model cavity reconstrudtitom&tei-scale
local slopes computed from MOLA profile data are superimposed-&symbols in each case. Cavity wall slopes as high asta20 were observed.

deposits within the cavity interior (Fig. 6). Unlike the previougeature at 81.8N, 189.9E (Fig. 3), the implication is that this

examples (Figs. 3 and 4), the typical inner cavity wall slopesater is deeper than one would anticipate (Table Ill). Indeed
for this feature are 8 compared to the 24 In many respects, if we consider the general northern hemisphere depth—diamet
the geometric properties of this feature (Table Il) are similar telationship suggested in Garvin and Frawley (1998), the ex
those observed for the crater illustrated in Fig. 3. The cavipected depth would be 1.07 km, suggesting a level of cavity
cross-sectional geometry or shape is somewhat more U-shajpditl of 0.230 km. As discussed previously, the general North
than is typical of 20-km impact features, and the ratio of ejecRolar Region impact craters are shallower at small diameter
to interior cavity volume Y/ V) is 3.2, significantly greater than their mid- and equatorial-latitude counterparts, but abov
than that observed for most polar region impact features. Foalaout 40 km, they are statistically deeper. For 20-km craters suc
feature of this size, the Grieve and Cintala (1992) impact mels those shown in Figs. 3and 4, the apparent depths are more si
volume would be~12 kn?, which is less than 10% the apparenilar to nonpolar impact features than to their polar counterparts
volume of the cavity. Using the depth—diameter scaling relation- As with the previous examples, we can model the cavity vol-
ship introduced previously, the model depth for this feature isne for feature “C” (Fig. 6) using the scaled depth and cavity
0.68 km, while the apparent depth, as measured by MOLA shapes. The model preerosion volume is 34 knexcess of that

two independent passes is greater than 0.85 km. As with thieserved (see Table Il), indicating that at least 28% of the cavit
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FIG. 6. Example of a well-sampled 20-km-diameter crater located a7931°E (Feature C in Fig. 1). Two crossing MOLA centerline profiles traversed
this crater, which appears to be filled with dune-covered ice deposits.

is infilled with polar sediments and ice. The computed voluniar region) observed. Therefore, we conclude that on the orde
of excavation for this crater is 305 Kyror 183 kn? larger than of 30% of the original cavity is filled with postformation ice and
the apparent cavity volume measured by MOLA. If we allow fosediments. The shelf-like geometry of the central deposits at thi
modification stage slumping, the overall apparent volume of tkeater (Fig. 6) is similar to that of other ice-associated craters
observed cavity (i.e., the cavity voluriveplus the volume of the Its estimated volume, relative to the deepest point of the cavit)
central deposiVcg) is 183 kn¥, which is within 30 kni of the ex-  floor, is no more than 61 kfrand more plausibly on the order
pected volume of the preerosion cavity. The 3£kahapparent of 40 kn?. This is within 20% of the independently computed
infilling materials, when spread as a layer of uniform thicknes®lume of infill (Table II).

across the-200 kn? area of the cavity floor, would contribute a Our conclusion is that the crater depicted in Fig. 6 is mod-
thickness of at least 170 m. This is exactly the amount of excemsitely infilled by materials that contribute to the lowering of
depth (relative to the general depth—diameter relation for the pts-modeled cavity volume. Accumulation of at least 34%kwh
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materials in a closed depression such as an impact crater West Longitude

have required 6—-27 million years (Thometsal. 1992, Howard 150 148 146 144 142 140
et al. 1982) and possibly longer if the most conservative po '
lar sedimentation rates are invoked® m per million years).
Removal of 0.85 to 0.92 km of covering materials is anothe
matter, as rates of removal via stripping or ablation are poorl
constrained (Howareét al. 1982, Plautet al. 1988, Craddock
et al. 1997). It is unclear whether this 20 km diameter crate
experienced wholesale burial and subsequent exhumation,
was discussed previously for the 34-km crater shown in Fig. ¢
The minimum crater floor depth for this feature~240 m, as
measured relative to the surrounding preimpact surface. Th
does not indicate whether or not the cavity interior deposits eve
reached above the preimpact surface, as is observed at the cra
in considered previously (Figs. 3 and 4).

The topology of the ejecta within 1-2 radii of the rim crest
for this crater (Fig. 6) is potentially significant. Unlike many
ice-associated craters, the near-rim topography of the contin
ous ejecta blanket displays a relative relief or thickness that
within a few tens of meters of the rim crest. The rim crest is suffi
ciently sharpin Viking images and in topographic character fron
MOLA measurements to disfavor a severe rim erosion scenari
An alternate explanation would allow for the existence of 230-m
tall swales or ramparts if there were extensive mantling deposi
encroaching upon the ejecta blanket. The image shown in Fig.
suggests that near-rim ice deposits, perhaps covered by dune:
a thin dust mantle, could be the cause of the unexpectedly t:
ramparts within one crater radius of the rim. The exponyity(
the ETF for this crater is-0.50, which is typical of many impact
craters in the northern hemisphere of Mars (Garvin and Frawle 210 212 214 216 218 220
1998), but far removed from the mean value for polar regiol East Longitude
features. -3000

Latitude

FEATURE “D”: COMPLEX ICE-FILLED ~4000|

CRATER AT 77°N, 215°E .500.0E

Topography [m]

A 44-km-diameter complex impact crater filled with high-" -soco
albedo and essentially featureless cavity interior deposits is |
lustrated in Fig. 7 (crater D in Fig. 1). This impact structure is a
least 2.1 km deep and possesses a rim wit98 km of relief
relative to the surrounding preimpact surface (Table II). MOLA FIG.7. Example of a 44-km-diameter crater located &tN,215 E (Fea-
obtained an off-center pass on MGS orbit 242, which sugge§t® D i‘n Fig: 1).A pIug_-Iike cavity interior deposit (as observed previqusly in
that the infilling materials may be organized as a relatively urﬁ_lg. 3) is indicated. White gaps are (_jue to clouds. Note the 200-m relief of the

. . . ejecta ramparts at the south of the ejecta blanket.
form shelf, with a semicircular trough adjacent to the easterh
portion of the crater’s inner wall (Fig. 7). The expected depth
for a crater of this diameter in the polar region of Marsis 1.54 kniTables Il and I1). Spread as a uniform layer over t1@00 kn?
while that estimated using the general relation for the northesrea of cavity floor, this volume would resultin a layer thickness
hemisphere is 1.6 km. The crater in Fig. 7 is 500-560 m tad ~510 m. There is no longer a discrepancy between the ob
deep, if the empirical scaling relationships presented previousigrved depth from the rim crest (2.1 km) and the expected dept
are representative. As with the crater shown previously in Fig.@,.54—1.59 km) if we consider the more than 500 m of uniform
amultilevel crater floor depositis observed, with the deepest ptrickness infill as part of the floor. As with the example shown in
of the cavity localized in one region of the inner cavity wall. IrFig. 3, the cavity interior geometry is highly U-shaped{4.1),
spite of its “overdeep” status, over 460 kmf cavity infilling  with inner cavity wall slopes of more than< T his geometry, in
materials is estimated on the basis of model volumes and depthmbination with the 0.98 km of sharp rim relief, indicates that

Latitude
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this impact feature is not highly degraded. However, the amoustone of the relatively oldest in the northern high latitudes on
of time required to accumulate more than 500 m of cavity fithe basis of a number of 5- to 10-km-diameter impact feature:
is likely between~2 x 10° and 10 years (Thomast al.1992), that can be observed within one crater diameter of its rim cres
assuming uniform sedimentation at less thanB~* cm/year superimposed on the continuous ejecta blanket (CEB).
(Plautet al.1988). Even these timescales are relatively shortin aThe average ejecta thickness within the CEB in this passis 12
martian geologic context. This analysis is based on the off-centeyon the basis of the effective surface area of this deposit and it
MOLA pass on MGS orbit 242. Figure 7 also shows recent maptOLA-based relief. In comparison, the mean ejecta thicknes:
ping pass 10978 that is through the crater center. The measyi@EB) for the 44-km impact feature displayed in Fig. 7 is 124 m,
values are not substantially different, other than a slightly largehile that for the 19-km crater (Fig. 3) in Olympia Planitia is
amount of apparent infill in the mapping pass. 43 m (Table 111). The latter value would suggest that some buria
The modeled volume of excavation for this crater (Fig. ©f the Korolev ejecta has occurred, which could also explain
is ~700 kn? in excess of the modeled final cavity volumehe relatively low relief (0.78-1.04 km) of its rim region. For
(preerosion), not considering cavity slumping and other factazemparison, the 95-km diameter impact crater knowas
(Table II). This difference is larger than the estimated volumecated at 48N, 139°E, displays a rim relief of-1.1 km, in spite
of infill (~460 kn¥) but within 50%. Thus, we can explain theof obvious rim burial effects.
large levels of possibly ice-rich deposits in the interiors of several The disparity in the model cavity depth (2.86 km) calculated
near-polar cap impact features as a consequence of continuoos the DEM average diameter of 80 km and the apparen
deposition over long time periods (i.e., tens of millions of yearshaximum DEM depth (2.62 km) could be attributed to sam-
A similar end result could be achieved if the polar depositiguling bias. The MOLA transect (Fig. 8) is a centerline pass, but
rate were episodically higher during times of polar cap raditiie floor depth is clearly locally variable. If we consider the
advance, which could bury the cavities of smaller, less-deep iapparent depth of the centerline pass (2.2 km) in Fig. 8, how
pact craters. Larger craters such as the 44-km-diameter exangder, to be representative, then more than 600 m of infill would
shown in Fig. 7, would retain a significant fraction of this cavbe required to explain the disparity in depths. Moreover, the
ity fill, even after a long period of ablation. Smaller, shallowedifference between the model cavity volume (7800%k@nd
craters would retain less, which is consistent with observatiotige apparent volume from the DEM-6500 kn?) is 1300 knd,
for virtually all ice-associated impact features north ofN2or  which is equivalent to a uniform layer of thicknes®.40 km

which we have MOLA coverage (Tables Il and III). across the entire floor of the crater. It would require betweer
15 and 60 Ma to accumulate400 m of infill and three times
FEATURE “E”: 80-Km-DIAMETER COMPLEX CRATER longer to develop a level of infill as thick as 1.5 km, which is
KOROLEYV (73°N, 163°E) the maximal relief of the central deposits within the cavity. We

can conclude only that high sedimentation rates, on the averag

Korolevis the largest north polar region impact crater (crater &e required in the northern high latitudes to explain our MOLA
in Fig. 1), with a diameter 80 km. MOLA acquired only one observations. This is consistent with the apparent levels of burig
SPO mission phase cross section that sampled the cavity of @l cavity interior infill atMie crater (48N).
important impact feature, on MGS orbit 332. Partial loss of data Figure 9 summarizes MOLA topographic observations at a
has made analysis of the geometric properties more difficcdbmmon scale for the four distinctive ice-filled craters exam-
Early MGS mapping mission coverage, however, has providagd to date (Figs. 9A, 9B, 9C, and 9D are Features “B”, “A”,
centerline MOLA transects of this impact feature. From a digitdD”, and “E”, respectively). Each has been discussed above a
elevation model (DEM) constructed from numerous near-centsse examples (Figs. 3—8). For each structure, we have indicat
and off-center passes, we find a maximum depth of 2.62 km athe topographically defined rim, and the approximate continu-
an integrated volume of 6500 km. Figure 8 illustrakesolev ous ejecta extent from topography and images. The 34-km crate
and the best MOLA cavity cross-section (pass 10146) throudffig. 9A) cavity is filled to more than 80% of its model cavity
the center of the crater currently available. In this pgssplev  volume and depth. Its rim remains as the most readily identifiable
exhibits a 0.91-km rim, relative to the surrounding preimpactater feature (see also Fig. 4). Figure 9B is the 19-km-diamete
surface, and a total depth of 2.2 km, which is approximateisnpact feature in the Olympia Planitia dune field from Fig. 3.
equal to or slightly deeper than that estimated from polar regiéigures 9C and 9D are the 44-km-diameter crater from Fig. €
depth—diameter scaling relationships. Maximum depth derivaddKorolevcrater from Fig. 8, respectively. On the basis of the
from the DEM is~0.240 km less than that estimated from polaroluminous infill deposits inferred from topology (MOLA) and
region depth—diameter scaling relationships. This would suggesbrphology (Viking images), average crater floor deposit thick-
that its cavity is infilled to a uniform level of 0.24 km. Howeverness for each of these features varies considerably (Table III
the high-resolution Viking image inset (Fig. 8) indicates that10 m for the crater in Fig. 9A, 295 m for that in Fig. 9B, 514 m
there is considerable cavity floor texture (i.e., escarpmentsfasthat in Fig. 9C, and~400 m for that in Fig. 9D.
observed at the crater in Fig. 4), and the MOLA topographic We can consider the mean ejecta thickness (Table I1I) for
data displays about 1 km of floor relief variability. This crateice-associated impact craters as defined by the ratio of eject
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FIG. 8. 80 km craterKorolevlocated at 73N, 163E (Feature E in Fig. 1). MOLA's best cavity cross section for this crater was acquired during the ea
MGS mapping phase (mapping orbit 146). (Inset) A high-resolution Viking image that features the cavity floor. Curvilinear features similar bgeinese at
the crater in Fig. 4 are suggested.

volume to ejecta surface area. The four examples illustrated in FEATURE “F”: CRATER ON MARGIN OF POLAR CAP

Fig. 9 are noteworthy. The crater in Fig. 9A has a mean ejecta RESIDUAL ICE (81°N, 255°E)

thickness of 52 m, while the crater within the Olympia Planitia

dunes (Fig. 9B) displays a mean ejecta thickness of 43 m. TheTable 1l displays the salient geometric properties of severa
two largest impact structures (Figs. 9C and 9D) display averaggditional impact craters associated with ice or frost. MOLA first
ejecta thicknesses of 124 and 123 Koiplev), respectively. traversed one crater within the margin of the polarice cap as pa
The crater shown previously in Fig. 6 suggests a mean ejeofaMGS orbit 208. Figure 10 illustrates this ice-margin impact
thickness of 54 m, within 1-2% of that of the crater in Fig. 9A)eature (crater F in Fig. 1) and two MOLA topographic cross
Of all of the ice-associated impact features considered in tlsisctions that sampled its central cavity (MGS orbits 1666 an
investigation (Table Il), only the two largest (Figs. 9C and 9D)0750). This ice-bound crater is only 18 km in diameter, with a
demonstrate average ejecta thickness values in excess of 12@epth—diameterd/ D) ratio similar to those of other North Polar



344 GARVIN ET AL.

-3500
-4000
E 4500
)
S -5000
]
2 -5500
(=}
2 -6000
-6500
Latitude
-3500 . R Y e
-4000 E B
£
)
=
o
g
53
3
[t
80 Latitude 81 82 83
3500 : : — ; 1
4000 E Cc
E
)
ey
o
2
]
75 76 77 78 79
Latitude
. -4000
E
— 4500
S 5000
2
g -5500
F  -6000
-6500
71 72 73 74 75

Latitude

FIG.9. Comparison of MOLA cross sections for craters illustrated previously in Figs. 3, 4, 7, and 8. (A) Crater shown in Fig. 4. (B) Crater shown in Fig.
Olympia Planitig. (C) Crater shown in Fig. 7. (D) Crater shown in Fig.K®(olev). Rim crests are indicated by arrows and ejecta extent, as defined on the ba:
of MOLA topography and Viking images is indicated by dashed lines. MGS orbit numbers are shown at right. See text for details.

Regionimpact craters (0.034). What makes it unique is its caviggcavation for this is~1.5 km, suggesting that the impact may
whose inner walls feature average slopes less than or equahawe excavated sub-ice cap basement materials. The average
5.0°. Aside fromKoroley, all of the high-latitude impact featuresheight for this crater is only 110 m, at least a factor of two under
observed by MOLA display inner cavity wall slopes that averagehat would be expected. We attribute the anomalously shallov
greater than 9—10In addition, its average rim height (Table Il) isdepth and low-relief rim of this crater to ice-related modification
the lowest observed of any of the ice-associated craters. Tablghbcesses. It would require 14 to 60 million years to accumulate
illustrates its uniqueness in terms of a computed infill thicknes#30 m of infilling deposits in a crater such as this at typical
This ice-margin crater displays 430 m of apparent cavity infilpolar sedimentation rates. If one invokes the maximum rate:
which is within 100 m of the thickness of the margin of th¢30 m per 100,000 years) computed for Mars (Thoregaal.
north polar ice cap in this area (Fig. 10). The model depth @092), one could fill the cavity of the crater illustrated in Fig. 10
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in ~1.4 million years. Improved images (i.e., from MOC) are
needed to constrain the morphologic evolution of this crater ir

1‘3’33' '-0”91“;;’9 the marginal ice of the north polar cap.
Sl

We have compared the crater shown in Fig. 10a with &
~10-km-diameter volcanic crater that formed in Wanajokull
ice cap of Iceland. This feature (Fig. 10c) is the site of the
most active subglacial volcano on EartBrimsvotn Its geo-
metrical properties are dynamic (Gudmundsson 1989), and
recent eruption (December 1998) has further modified its mor
phology. Grimsvotndisplays a variable relief rim region, a to-
pographically changing floor, and cavity wall slopes (10316
similar to the martian crater illustrated in Fig. 1@rimsvotn
was formed and maintained in a terrestrial ice cap between 25
and 500 m in thickness (Gudmundsson 1989) by subglacial vol
canism. The impact that formed the 18-km-diameter crater &
81°N, 255E on Mars may have generated up+d.7 kn?
of impact melt in the floor of a crater that was once 0.8 km
in depth. The residence time of this volume of melted materi-
als (i.e., assuming they are silicates) is on the order of 10,00
years. Whether a short-lived period of impact-induced sub-ice
cap melting could have sustained a fresh cavity geometry (i.e
Grimsvotnlike) on Mars is uncertain. However, with further
MOLA observations, it may be possible to model the three-
dimensional topology of impact craters in the ice and compar:
them more closely with possible terrestrial analogs such as th
Grimsvotncaldera.

Latitude

FEATURE “G”: ICE-ASSOCIATED CRATER AT 77°N, 195°E

Another well-sampled (by MOLA) ice-associated crater was
traversed on MGS orbit 240 (Fig. 11). Tables Il and Il sum-

%0 252 -2 Long“ﬁgg 258 260 marize the geometric properties for this 20-km-diameter featur
-3000 i i (crater G in Fig. 1). The apparent depth of infill at this crater
~ PR . is similar to that of the crater located at°82 190°E within
S -4000 the Olympia Planitia dunes (Fig. 3 and Feature “A” in Fig. 1).
S 4500 : Figure 11 illustrates low-albedo dune materials associated wit
o -5gug§-—-~~~~------~"’ the crater cavity and high-albedo residual ice deposits north ¢
-5500 the crater and on the north-facing cavity wall slopes. A smalle!
80 .. . . .
dune-mantled crater barely visible in the Viking images appear
2500 | - — to be located within the continuous ejecta blanket and just sout
£ 2000 VE =120 of the crater rim. Many of the characteristics of this moderately
£ 1500 | eroded 20-km polar impact feature are similar to those for the
8 1000 crater illustrated in Fig. 3, with the exception of cavity floor
o

deposits. The MOLA pass of this crater (Fig. 11) exhibits no
topographic signature of the dome-like central deposits or mul
tilevel cavity interior deposits discussed previously for craters
of this size. It is possible that the location of this crater, just
FIG. 10. Example of an 18-km-diameter crater located on the margin &uth of the edge of the Olympia Planitia dunes, has affecte
the North Polar Cap at 8N, 255°E (Feature “F” in Fig. 1). (Bottom) ANASA jts cavity geometry. If weak or easily mobilized (i.e., ice-rich)
aircraft laser altimeter cross-section (W to E) across 1®-km-diameter target materials were not involved in the impact that formed the

Grimsvotnsubglacial caldera in theatnajokullice cap of Iceland. The data t h in Fig. 11. th it it h ved i
have been thinned to approximate the MOLA sampl&igmsvotrshows higher crater snown in Fig. » INEN IS cavily may have evolved In 2

cavity wall slopes than the martian impact crater but similar cavity geometfj10ré tradition?—' manner. .The pgrabolic f:aVity shape observe
See text for detalils. for the crater in Fig. 11 is consistent with most 20-km scale

500
0
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Distance [km]
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FIG. 11. Example of a 20-km-diameter crater located &tN,7195E (at edge ofOlympia Planitiadunes, Feature G in Fig. 1). This feature is located a few
hundred kilometers from the crater shown in Fig. 3. Ice or frost associated with north-facing slopes is indicated by the Viking image.

impact features on Mars, as sampled by MOLA (Garvin arid Table Il. These did not completely sample the assymetric

Frawley 1998). deposit, so two recent centerline MOLA cross sections, acquire

on MGS Orbits 10978 and 11763, are shown in Fig. 12 anc

allow us to consider its cavity geometry in comparison with

FEATURE “H”: ICE-ASSOCIATED CRATER AT 79°N, 62°E  Other examples. As with the craters in Figs. 3, 7, and 11, this

feature displays substantial off-centerg00 m) cavity interior

Figure 12 illustrates an 18-km-diameter crater associated withposits. While these are less than the major deposits observed

outlier ice deposits (crater H in Fig. 1). Two SPO passes withihe crater shown in Fig. 3, its relative levels of infill are consistent
10% of the centerline were used to measure the informatiaith other north polar region craters in this diameter interval.
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West Longitude oretical scaling relationships by almost 400 m. A small centra
303 302 301 300 299 298 297 deposit on the crater floor is observed, wit00 m of relief.

80 / The absolute cavity floor elevation of this crater (Table Il) is
within 150 m of the lowest crater floor elevation observed for
the highest northern latitudes. It appears to have escaped any It
jorinfilling episodes, perhaps because of its larger distance fror
the margin of the polar cap relative to the other ice-associate
craters discussed here) or because of its extreme youth.

FEATURE “J”: MULTILOBE EJECTA CRATER AT 73°N, 38°E

)
°
=
F =
w
el

79

In contrast, the crater illustrated in Fig. 14, is a fresh, multi-
lobed impact feature not associated with any evidence of ice c
frost deposits (crater Jin Fig. 1). Itis 9 kmin diameter with an ap-
parentdepth of 1.03 km. The Viking Orbiterimage in Fig. 14 sug-
gests that it may contain a small central mound, but the MOLA
cross-section did not sample this feature. Two series of rampar
(ejecta lobes) can be observed. Inner cavity wall slopes are tyy
ically 200 at this feature. Its rim averages 320 m in relief, larger
than is typical of Northern Hemisphere craters on Mars in gen
57 58 59 60 61 62 63 eral (Garvin and Frawley 1998). Its cavity is nearly paraboloidal,

East Longitude and its ejecta extends more than four crater radii from the rim

ey The difference between the apparent depth (1.03 km) and th

V.E. =20:1 model depth of excavation (0.85 km) for this feature is positive.

This means that the crater is too deep by over 180 m relative t
the general model for excavation for Mars (Barlow and Bradley
1990). This could be explained only if the excavation were more
efficient than would be anticipated due to target strength effect:
The two craters illustrated in Figs. 13 and 14 are the furthes
from the polar cap of those discussed in this paper and sho

‘560078 5 79 79.5 80 minimal association with ice deposits within their cavities, but

' latitude ' could have excavated into ice-rich target materials. The 0.85-kr

FIG.12. Example of an 18-km-diameter crater located &N,%2°E (Fea- depth of excavation for the 9-km crater afRG3&E (Table Ill) .
ture Hin Fig. 1). This crater displays 100- to 150-m-scale ramparts that are bark Id have reached a Iocglly shallow groundwater or grou_nd-lcn
discernible in the Viking image. table as suggested by Clifford (1993), and enhanced cavity for
mation and ejecta emplacement would be one result. From th
ejecta topology provided by MOLA (Fig. 14), it appears that
the radial, lobate ejecta deposit originates from the outer base ¢
the rim uplift region and builds ramparts that are up to 150 m in
relief, with secondary, distal ramparts with 50 m of relief. Ad-

A 20-km-diameter crater located adjacent to outlying deposfgional MOLA samples of such multi-lobed or fluidized-ejecta
of ice is illustrated in Fig. 13 (crater | in Fig. 1). This well-impactcraters are needed to more fully develop a physical modk
preserved impact feature displays a lobate ejecta blanket wigh the ejecta emplacement (Garvin and Baloga 1999).
marginal ramparts and polygonal planform geometry. Its appar-
ent depth is 1.47 km, which is within 200 m of the model depth FEATURE “K”: CRATERFORM AT 78°N, 293°E
of excavation for a 20-km crater on Mars. A near centerline
MOLA cross section (Fig. 13) clearly illustrates the classic to- A 7.3-km-diameter craterform that appears to be located a
pographic elements of this fresh-appearing complex crater. fitee summit of a low-relief cone is illustrated in Fig. 15 (crater K
continuous ejecta blanket, away from the near rim region, iisFig. 1). The basal diameter of the low-relief martian craterec
concave, terminating in a rampart over 100 m in relative reliafone (MCC) is~19.5 km, with a total height of 444 m, relative
The apparent cavity volume for this 20 km diameter crater is the regional background. A long-wavelengt80 km) topo-
215 kn?, or nearly two times greater than the other craters ofraphic sag with a vertical magnitude 60 m is associated
served by MOLA in this diameter size class. The apparent crateith the MCC. This feature displays high-albedo “ice” deposits
depth exceeds that which would be predicted by MOLA or then all north-facing slopes. The typical slopes associated with th
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FEATURE “I”: NEAR-ICE CRATER
LOCATED AT 72°N, 345°E
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FIG.13. Example of a 20-km-diameter crater located &tN 2345’ E (Feature | in Fig. 1) adjacent to outlying ice deposits (hatched areas at left in the image
This fresh-appearing crater displays a small central deposit covered by low-albedo dune materials and 100-m-scale (vertical) rampartss Thi drateleep.
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divided by basal diametdd: V /D), and cross-sectional shape
(n). The feature illustrated in Fig. 15 most clearly resembles the
low-relief lava shields of Iceland in its geometric characteristics.
Such landforms display flank slopes in the 3+&nge and have
V/D values between 0.65 and 1.5 (Garvin 1996, Willigghal.
1983, Garvin and Williams 1990). We can find no reason to re-
quire hydromagmatic volcanism to construct a low-relief edifice
such as that illustrated in Fig. 15. Indeed, on Mars, maar styl
volcanism, if present, would be expected to favor the forma-
tion larger, steeply sloping craters than conical features whos
flanks average a few degreesinlocal slope (Mouginis-Maak
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;S: 1992, Wilson and Head 1994). Other non-impact-related cratel
3 forms have also been observed in the north polar region of Mar
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FIG. 14. Example of a fresh-appearing 9-km-diameter multilobed ejecte
crater located at 73\, 38E (Feature J in Fig. 1). There is no indication of any
ice or frost association for this transitional geometry feature. This crater has ¢ 775
apparent depth (from MOLA measurements) that is in excess of its expecte ’ 292 293 204 205
depth of excavation. East Longitude
-3000 ; — ——— i
conical part of this landform are 3.8 6.0°. Slopes associated __ [ VE.=10
with the inner walls of the summit crater cavity are typically £,

4°, and the crater cavity has a conical shape-(.4). From ;:
these simple geometric properties, and because the crater c @

ity floor is ~250 m above the level of the surrounding surfaceg

we conclude that this MCC feature represents a volcanic edific,2
Hodges and Moore (1994) ascribed this feature to water—magr
interactions such as are associated with maar volcanism on Ear
The flank slopes{4.0°), the ratio of flank to cavity slopes (1.2),
and the geometric properties of the summit crater, for this featui _
are all consistent with low-relief lava shield volcanoes found on

Earth in subpolar environments. Indeed, Garvin and Willianzﬁlgg'lolféte

(1990) described the lava shields of Iceland in terms of para@ater atop this low-relief cone is unlike any impact craters traversed by MOLA.

77.7

775 77.9 78.1 78.3

Latitude

eters such as flank slope, areal productivity (edifice vol¥me See text for details.

78.5

Example of a 20-km-diameter (base) martian cratered cone
d at 78\, 293°E (Feature K in Fig. 1). The 7.3-km-diameter
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(Hodges and Moore 1994), but incomplete MOLA samplindated sediments that enable enhanced excavation at high kine
makes quantitative analysis uncertain at this time. energies. Indeed, the apparent effect on crater cavity volume c
Table Il includes an entry for a crater-like feature at the hegublar target properties appears to change with increasing diam:
of Chasma BorealeT his 11-km-diameter landform was not im-ter such that the largest complex craters are less distinctive fror
aged with adequate resolution by the Viking Orbiters to assdhbeir equatorial counterparts. For crater cross-sectional cavit
its mode of origin. A near-centerline cross section of the featusbape, the polar and nonpolar power laws relating cavity shap
was acquired by MOLA on MGS orbit 208. From this profile, wand crater diameter suggest that there is a strong tendency fi
have noted its depth (1.08 km), “cavity” wall slopes {L,&av- craters to become more paraboloidal with increasing diamete|
ity shape § = 1.2), and other parameters (Table Il). From everindependent of location.
indication, this feature could represent another ice-margin im-Fresh impact crater cavity depth is a reasonable proxy fo
pact feature, similar to that discussed previously (Fig. 10). Tkerget mechanical properties. Ice-associated craters in the nor
apparent rim relief (110 m) is similar to the ice-margin cratgyolar region are frequently extraordinarily deep (Tables Il and
illustrated in Fig. 10. However, if this craterform is of impact oridll). In these cases, the evidence supports enhanced excavation
gin, the steepness of its cavity walls, its elevated depth—diametdrat appears to be a weak target. Such impact features demo
ratio (0.10), and large depth, relative to a similarly sized cratstrate apparent cavity depths that either come close to or excet
(i.e., Fig. 10), would suggest that it is geologically recent{ the model depth of excavation for general martianimpact craters
10 Ma). Without additional MOLA cross-sections and MO he simplest explanation calls for a target that enables enhance
images, however, an unambiguous interpretation is not possibleavation, without subsequent modification (fall-back, slump-
at this time. From analysis of cross-sectional shape of the spirad) to preserve large apparent cavity depths. A weak layer
canyons and troughs in the north polar cap of Mars (Zebat. buried less than several hundred meters, and spatially extensi
1998), it is not likely that th&€hasma Borealécrater” located is one possible explanation. In this case, final excavation fol

at 85N, 2°E is a typical ice cap feature. smaller impact craters would involve the weaker layer, enhanc
ing final crater depth. We are continuing to investigate whethel
DISCUSSION excavation into a subsurface ice target would adequately explai

the observations presented herein.

Our preliminary synthesis of a population of north polar re- We have considered impact crater rim height in our measure
gion impact craters on Mars using newly acquired MOLA toments. However, while the trends for rim height appear to follow
pographic measurements provides new insights into the chidwese for crater depth, there is greater uncertainty. This is be
acteristics of this area. We have considered several aspectsanse most of our existing (pre-MGS mapping) measurement
this paper, mostly focused on simple geometric parameters. Gare been derived from one or two cavity-crossing MOLA pro-
discussion treats each of these in order. files. Such profiles do not adequately sample the variability of

Impact crater depth-to-diameter ratios provide first-order imm height for most martian craters. Early MOLA mapping re-
formation on both target properties and postimpact degradatiguits (Garviret al. 1999) suggest that mean rim height is highly
processes. We have explorddD values measured for polarcorrelated with cavity depth for fresh craters.
region impact craters in comparison to those observed for non-The mean and modal values of the ejecta thickness functio
polar latitude examples. MOLA measurements of this parame(&TF) exponent for both polar and nonpolar craters are outsidi
are more sensitive to topographic subtleties than most previmishe previously described acceptable rang®.6 to —3.5)
measurements on the basis of the high vertical precision of the suggested by Melosh (1989). We suggest that this is likel:
instrument. The mean depth-to-diametgy D) ratio for polar the result of a dependence of ejecta topology on latitude (an
region craters is.035+ 0.02, while that for nonpolar region im- hence target type), but as yet, the large variability and insufficien
pact features is.053+ 0.04. These differences are significanstatistics in our measured ETF distribution allows little further
because the sample populations involved are greater than 108gaculation.
each case. However, the sampling achieved by MOLA to date isFor the ratio of ejecta volume to cavity volumé(/ V), we
not randomly distributed and there will be a bias associated withd that the ratio is larger for polar craters than for nonpolar
the improved sampling statistics for higher latitude craters siroraters. We suggest from the combination of MOLA topographic
ply on the basis of orbital geometry (Zubetral. 1998). With cross-sectional and Vikingimagesthatthere is ample evidence ¢
periapsis for the MGS in the vicinity of the north polar capsignificant levels of cavity infill in the highest northern latitudes
denser sampling was achieved for those latitudes north°®f.50 of Mars that can be quantified by MOLA topographic data. The

The crater cavity volume measurements demonstrate that pdil volumes contribute significantly to the apparent increase
lar crater cavities are volumetrically larger than those in othar Vej/V due to the artificial lowering of the cavity volume term
regions, and that for crater diameters larger th&® km, the (V) in this parameter. In addition, there is topographic evidence
polar crater cavity volume is always greater than it is for crateo$ ejecta burial for some of the larger polar region craters. Thus
at lower latitudes. This is perhaps a consequence of target prejg- must use extreme care when interpreting the emerging pa
erties such as an increase in abundance of volatiles or uncongelin in this volume ratio parameter until two-dimensional digital
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elevation models (DEMs) from large numbers of MOLA trantloor region, permitting large amount of interior fill deposits to
sects can be constructed and used to reconstruct cavity geom rapidly after crater formation, followed by slow erosion
metries. within a sheltered, closed depression.

The elevation of impact crater floors can be used as a regionaCraters were observed in the marginal portions of the nortt
indicator of upper crustal structure. The high vertical accurapplar cap (Garviret al. 1998), as well as within the ice cap inte-
of MOLA topographic data makes it ideally suited for examrior (Sakimoto and Garvin 1999). In at least one case (Fig. 10),
ining crater floor elevations within specific regions on Marsvell-preserved crater appears to have been infilled by process
The absolute elevation of the apparent crater flodtaablevis that have also attacked its rim. Whether the large level of cav
—6250 m, which is only 250 m lower than that of the 44-knity interior deposits required (430-m-thick layer) is caused by
feature at 77N, 215E (Table Ill). Other high-latitude impact enhanced sedimentation or ice-related cavity wall slumping i
structures in the 75- to 100-km-diameter size interval, includnclear. Another candidate impact feature located at the margi
ing Mie (48°N) andLomonoso\65°N), display average floor of the ice cap near the head©hasma Borealappears to have
elevations between 6500 and-6700 m, within 500 m of that an unmodified cavity depth, possibly attesting to its geologic
measured foKorolev. On the basis of MOLA data, it appearsyouthfulness.
that all of the larger complex craters in the northernmost North- Martian craterforms associated with low-relief cones were
ern Hemisphere have floor elevations within about 500-700atso observed by MOLA. In at least one instance, a cratere
of one another. This tight clustering of surface elevations withgone located 120 km from the permanent ice cap (Fig. 1) mos
aregion as large as Antarctica on Earth could well be the cons&ongly resembles (in a geometric sense) low-relief terrestriz
quence of limited sampling statistics. On the other hand, if theshield volcanoes rather than explosive volcanic craters assoc
were a consistent floor elevation associated with a significaated with magma—water interactions. We suggest that this featu
number of the largest polar complex craters, it could indicatg(ig. 15) is a relatively recent basaltic lava shield volcano, with
common level of regional sedimentation, as is typical of fluica low aspect ratio summit collapse crater. The formation age
emplaced deposits on Earth (Smithal. 1998, Craddoclet al. of most of the craterform features observed in the north pola
1997). It could also be linked to the thickness of a high-latitudegion appears to be less than 100 Ma and many could have be
sedimentary layer of low strength that overlies a more competeoinstructed in the past 1-10 Ma if sedimentation rates as hig
basement horizon. Excavation depths for craters 70 to 100 k30 m per million years are regionally representative.
in diameter are predicted to be in the 4.8- to 6.6-km interval, The observations summarized above offer several new in
certainly adequate to excavate beneath any megaregolith lagepretations of the target materials in the north polar region o
and possibly to intersect the putative global groundwater sydars. Many questions remain, however. This preliminary analy-
tem suggested by Clifford (1993). The similarity of cavity floosis of a sample of high-latitude craterforms on Mars has provide
elevations for the largest complex craters on Mars may relaeuantitative perspective on the volumes, slopes, and shapes
to excavation depths and hence to the stratigraphy of the uptferse commonplace features. It will hopefully serve as a fram
6 km of the martian crust in the north polar region. of reference against which upcoming MOLA (and other MGS

A variety of crater-like features associated with ice, or lanstruments) observations of the south polar region can be con
cated adjacent to the permanent north polar cap of Mars hagared and contrasted.
been analyzed on the basis of MOLA topographic cross-sections
in correlation with Viking Orbiter images. In several cases, ice- ACKNOWLEDGMENTS
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